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Annals New York Academy of Sciences Lysosomal fraction. Mitochondria1 supernatants were combined and centrifuged at 8,700 X g for 20 minutes. The lysosomal pellet was brought to starting volume in 0.25 M sucrose as described. All steps to this point were carried out using a Servall refrigerated centrifuge (RC 2) equipped with an SS-34 rotor. Subsequent fractions were obtained using a Spinco Ti50 rotor in a Spinco L2-50 centrifuge.
Microsomal fraction. The lysosomal supernatant was centrifuged at 165,000 X g for 60 minutes to yield a microsomal pellet that was resuspended to starting volume in 0.25 M sucrose.
Soluble fraction. The supernatant from the microsomal centrifugation constituted the soluble fraction.
Recoveries of enzymatic activity, calculated as percent of whole homogenate activity present in summed fractions, averaged 98% for acid phosphatase; 98% for glucose-6-phosphatase; and 100% for succinic dehydrogenase.
Density Gradient Centrifugations
Gradients were made and fractions collected using a Buchler density gradient device following the method of Martin and Ames (1961) . Linearity of the gradients was confirmed by spectrophotometric measurement of dichlorophenolindophenol (DCIP) incorporated into gradients during preparation. Three types of gradients were utilized:
1. Density equilibrium centrifugation was carried out at 4' C according to Beaufay et al., (1964) , using a Spinco SW 39 rotor in a Spinco Model L2-50 centrifuge. Sucrose gradients of density 1.12 to 1.26 were prepared and stored 12 to 18 hours at 4O C before use. Four hundred PI samples of 20% homogenates from which nuclei had been removed were layered on 4.6 ml gradients to yield a final tube volume of 5.0 ml. Centrifugation at 124,000 X g was carried out at 4' C for 2.5 hours.
2. Sedimentation behavior of released soluble and bound forms of acid phosphatase was examined employing 5 to 20% sucrose: water gradients (density 1.017 to 1.074) according to the method of Martin and Ames (1961) . One hundred p1 of a 20% sample were layered on gradients prepared 12 to 18 hours before use and stored at 4 ' C. Final tube volume was 4.7 ml. Centrifugation was carried out at 4' C for 4 and 8 hours at 124,000 X g using a Spinco L 2-50 centrifuge equipped with a Spinco SW 39 rotor.
3. Velocity density gradient centrifugation experiments were carried out using 0.25 M to 0.7 M sucrose: water gradients (density based on sucrose concentration, 1.032 to 1.090. Gradients were made 1.0 M with KCI (Baker reagent grade) and prepared at 4' C just prior to use. A 200 ~1 cushion of 2.0 M sucrose was utilized to facilitate collection of sedimented material. Prior to layering, homogenates were made 0.2 M with respect to sucrose and 1 .O M with KCI. TWO hundred p1 of a 4% homogenate from which the nuclei had been removed were layered on gradients to yield a tube volume of 5.0 ml. Centrifugation was carried out at 4' C for 20 minutes at 4,000, 8,000, and 124,000 X g using a Spinco L2-50 centrifuge equipped with a Spinco SW 39 rotor.
Data are presented as relative activities, calculated as the enzyme activity present in each fraction divided by the calculated mean enzyme activity per fraction. Sedimentation behavior of particles as determined by marker enzyme positions in the gradients is described in terms of median density position in centimeters from the axis of rotation (Hogeboom & Kuff, 1954) .
Enzyme Assays
Biochemical determination of enzyme activity was made according to the following methods. For all assays, substrate was not limiting. Reaction rates were linear with time and enzyme concentration.
Acid phosphatase activity was determined using (a) a-naphthyl acid phosphate (Sigma), ( b ) p-nitrophenyl phosphate (Sigma), and (c) sodium P-glycerophosphate (Sigma) as substrates.
(a) a-naphthol liberated enzymatically from sodium a-naphthyl acid phosphate at pH 5.0 was determined according to the method of Allen and Gockerman (1964) .
(b) p-nitrophenol liberated enzymatically at pH 5.0 from p-nitrophenyl phosphate was determined according to Sigma Technical Bulletin 104 (1963) .
(c) Measurement of phosphate produced by enzymatic hydrolysis of p-glycerophosphate at pH 5.0 was accomplished by a modification of the method of Shinowara et al. (1942) and Dryer et al. (1957) . The reaction mixture contained sodium acetate-acetic acid buffer, pH 5.0, 45 mM and sodium P-glycerophosphate, 34 mM. After incubation at 37" C, the reaction was stopped by adding 30% trichloroacetic acid (Baker), two parts to ten parts of reaction mixture. Precipitated protein was removed by centrifugation. Samples of TCA-supernatant were assayed for inorganic phosphate using the following proportions of reactants: ammonium molybdate (Baker), 0.04 M, 1 part; TCA-supernatant, 3 parts; N-phenyl-p-phenylenediamine monohydrochloride (Eastman), 0.05 M in 1% sodium bisulfite (Mallinckrodt), 6 parts. Color was developed at room temperature for 10 minutes. Optical density was measured at 700 m p with a Coleman Model 6A spectrophotometer.
Glucose-6-phosphatase activity was determined by measuring inorganic phosphate enzymatically released from glucose-dphosphate at pH 6.5 according to Swanson ( 1955) . The inorganic phosphate produced was determined as above.
Succinic dehydrogenase activity was measured by the enzymatic reduction of 2,6 dichlorophenolindophenol as described by Allen and Beard ( 1965) .
Enzyme Activity in Supernatants and Sediments
Supernatant portions of lysosomal fractions were obtained by subjecting fractions to blending for 5 minutes at 4" C (Eberbach microattachment, Waring Blendor, 2 cm blade, 15,000 rev/min), followed by centrifugation at 4" C in a Spinco Model L centrifuge at 100,000 X g for 60 minutes. The acid phosphatase activity associated with this supernatant was termed soluble acid phosphatase. Sediments derived after centrifugation were resuspended to starting volume with 0.25 M sucrose. Acid phosphatase activity associated with the sediment was termed bound acid phosphatase. Bound enzyme was released into the soluble phase and rendered electrophoretically mobile in the presence of a 5 % final concentration of Triton X-100 (Rohm and Haas). When biochemical or electrophoretic studies required bound enzyme free of soluble enzyme contamination, pellets were subjected to four cycles of washing with 0.25 M sucrose or water, resuspension, and centrifugation at 100,000 X g for 20 minutes before final resuspension to starting volume. Summed supernatant and sediment activities approached 100% of the activity of whole unseparated fractions. Physically solubilized enzyme accounted for 58% of the acid phosphatase activity of the lysosomal fraction, while 38% of the total activity was associated with the sediment.
578
Annals New York Academy of Sciences
Electrophoretic Separation of Enzymes Acrylamide electrophoresis. Electrophoretic separation of bound and soluble acid phosphatase in acrylamide gels was accomplished according to the method of Allen and Gockerman (1964) . Localization of acid phosphatase in gels was achieved by incubating gels in a reaction mixture containing 0.005 M sodium a-naphthyl acid phosphate and o-aminoazotoluene (Diazo Garnet GBC, Dajac) , as described by Allen and Gockerman (1964) . Gels were incubated at 25' C. The reaction was stopped by replacement of the reaction mixture with 7.5% acetic acid. Densitometric measurement of dye deposited in the gels was accomplished with a scanning device attached to a Beckman DU spectrophotometer (Johnson & Starkweather, 1962) . Gels were scanned in 7.5% acetic acid. Optical density was measured at 545 m p using a Beckman potentiometric recorder. Deposition of enzymatically produced reaction product was linear with incubation time and enzyme concentration within the limits used for assay.
Small-scale preparative electrophoresis. A small-scale preparative electrophoretic system was constructed according to the specifications of Racusen and Calvanico (1964) . Gel stocks and buffers were prepared exactly as for routine acrylamide electrophoresis (Allen & Gockerman, 1964) . Three ml ( 1 cm height) of lower gel solution was added to the separating chamber (1.8 cm 1.0.). After polymerization, 6 ml of a samp1e:sample gel mixture (1 :2) was layered onto the separating gel. Polymerization was effected for 20 minutes with an ultraviolet light source. Eluates were collected from a plastic eluting chamber fitted with an inlet and outlet of polyethylene tubing (Intramedic, I.D. .062' X O.D. .082'). Height of the eluting chamber was '/e in., yielding a volume of 0.8 cm3. Electrophoresis was carried out for four hours at 300 v starting potential. Fractions were collected for 5 minutes at a flow rate of 0.6 ml eluate per minute using a Beckman Model 746 Solution Metering Pump and an automatic fraction collector. The fractions were assayed for acid phosphatase using a-naphthyl acid phosphate as substrate. RESULTS
A crylamide Electrophoresis of MitochondriaELysosomal Fractions
The appearance of two electrophoretically distinguishable forms of acid phosphatase in mitochondrial-lysosomal fractions of rat liver (Allen & Gockerman, 1964) was confirmed. When 20% fractions obtained by Scheme 1 were made 5% with Triton X-100 prior to electrophoresis, two bands of enzyme activity were detected, a fast-migrating component and a slow-migrating one. The slowmigrating component was detectable only after Triton treatment; the fast band was evident in untreated preparations. When mitochondrial-lysosomal fractions were blended, centrifuged for 30 minutes at 100,000 X g, and the supernatant made 5% with Triton X-100 prior to electrophoresis, only the fast-migrating band was evident. When the sediment was washed and made 5 % with Triton X-100 prior to electrophoresis, only the slow-migrating component was visualized. The fast-migrating component was taken to represent soluble acid phosphatase released from mitochondrial-lysosomal fractions by physical disruption of particles. The slow-migrating component, appearing only after Triton treatment, was taken to represent the bound form of acid phosphatase.
Separation of Two Forms of Acid Phosphatase Using Small-Scale Preparative Electrophoresis in Acrylamide Gels
That two electrophoretically distinct forms of acid phosphatase are present in the mitochondrial-lysosomal fraction of rat liver was further demonstrated Sloat & Allen: Lysosomal Acid Phosphatase Tube Numbor FIGURE 1. Preparative electrophoretic separation of soluble and bound acid phosphatase in 10% acrylamide gels. Mitochondrial-lysosomal fractions were derived according to differential centrifugation Scheme 1. Electrophoresis was accomplished as described in the text. Eluates were assayed using sodium a-naphthyl acid phosphate as substrate. Two hundred pl of eluate were assayed routinely, and incubation was for 30 minutes at 37" C. (A) Whole fractions were made 5 % with Triton X-100 and subjected to electrophoresis. Two elution peaks of activity were present. (B) Fractions were subjected to blending and centrifugation at 100,000 X g for 30 minutes. Supernatants were made 5 % with Triton X-100 before electrophoresis. One fastmigrating peak was evident. (C) Fraction sediments from (B) were resuspended and made 5 % with Triton X-100. Electrophoresis followed, and one, slow-migrating, diffuse area of activity was detected. (D) Separated supernatants and sediments (B and C) were mixed prior to electrophoresis. using small-scale preparative electrophoresis in acrylamide gels. Cell preparations were made 5 % with Triton X-100. When mitochondrial-lysosomal fractions were subjected to electrophoresis, two elution peaks of acid phosphatase activity were detected (FIGURE 1, A ) . Soluble and bound fractions, when subjected to electrophoresis, resolved into one peak each, a fast-migrating one when soluble preparations were utilized (FIGURE 1, B) , and a more slowly migrating, diffuse one (FIGURE 1, C) when preparations containing the bound form were subjected to electrophoresis. The elution peaks of separated supernatant and sediment portions of the mitochondrial-lysosomal fraction coincided in position with those of the whole fraction. The integrity of the separated forms was maintained when they were subjected to electrophoresis as a mixture (FIGURE   1, D ) . When sodium /3-glycerophosphate was employed as substrate, Triton X-100 interfered with the formation of phosphomolybdenum blue. N-"-methy-
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Annals New York Academy of Sciences lenebisacrylamide tetramethylethylene diamine (TEMED, Rohm and Haas) also interefered with the visualization process in the assay. Recovery of total enzyme activity, loaded onto gels before electrophoresis, was low; 30% when total eluate activity was compared to the activity of the starting sample.
Biochemical and Physical Characterization of Separated Forms
Sedimentation behavior. Ten percent mitochondrial-lysosomal fractions were made 5% with Triton X-100 to render all acid phosphatase soluble. These preparations were subjected to density gradient centrifugation in 5 to 20% sucrose-water gradients. After centrifugation, acid phosphatase activity was present as a single peak with a median position at a density of 1.032. When soluble acid phosphatase was osmotically released from the mitochondrial-lysosomal fraction by resuspension in distilled water and subjected to centrifugation as above, a single peak was found at a median position of density 1.03 1. Repeated experiments with whole, soluble, bound and mixed preparations yielded the same, single peak of enzyme activity. The presence of both electrophoretic forms in peak activity gradient fractions derived from intact mitochondrial-lysosomal material, and of only the fast-migrating form in peak activity gradient fractions derived from soluble material, was confirmed by subjecting these fractions to acrylamide electrophoresis. Since no differences in the sedimentation behavior of the two forms were found, it is probable that the slower electrophoretic mobility of the bound form is not due to association of the enzyme with membranous components. When centrifugation time was extended to eight hours, similar preparations also yielded a single acid phosphatase activity peak. p H . Whole, supernatant, and sediment preparations showed identical activity profiles in the range of pH 3.0 to 6.5 when assayed in the presence of sodium a-naphthyl acid phosphate, p-nitrophenyl phosphate or sodium P-glycerophosphate, although the forms of the profiles varied somewhat between substrates (FIGURE 2).
Inhibition studies. No differences in response to 2.5 to 20 mM sodium tartrate, 2.5 to 20 mM sodium fluoride, 0.1 to 1.3 M formaldehyde, or 0.01 to 0.2 M alloxan were noted among supernatant, sediment, and whole mitochondrial-lysosomal preparations when assayed in the presence of sodium a-naphthyl acid phosphate, p-nitrophenyl phosphate, or sodium P-glycerophosphate. Activity could not be measured with sodium cy-naphthyl acid phosphate as substrate in the presence of alloxan due to its interference with color formation.
Heat inactivation. When whole, supernatant and sediment preparations, resuspended in 0.25 M sucrose, were subjected to treatment at 50" C for 10, 20, 40, and 80 minutes before enzyme assay, a striking difference in behavior was found between soluble and membrane-associated forms (FIGURE 3). Utilizing sodium a-naphthyl acid phosphate (FIGURE 3, A ) , p-nitrophenyl phosphate (FIGURE 3, B), and sodium P-glycerophosphate (FIGURE 3, C) as substrates, the membrane-associated form showed no loss in activity after treatment at 50" C for 80 minutes, while 60% of the acid phosphatase activity of the soluble preparation was inhibited. Whole mitochondrial-lysosomal preparations showed an inactivation curve intermediate between soluble and bound curves. Identical results were obtained with or without Triton X-100 treatment of preparations, indicating that the heat stability of the bound form was not conferred by association of the enzyme with membraneous material. 58 1 3 4 5 6 P H FIGURE 2. The pH optima for whole, supernatant, and sediment portions of mitochondriallysosomal fractions prepared according to differential centrifugation Scheme 1 and assayed in the presence of ( A ) p-nitrophenyl phosphate, (B) sodium pglycerophosphate, and (C) sodium a-naphthyl acid phosphate. Fractions (0) were blended and centrifuged at 100,000
x g for 30 minutes at 4 " C. Supernatants ( * ) were used for soluble activity. Sediments ( 0 )
were washed four times with water before final resuspension and use for bound enzyme activity. Activity is expressed as percent of activity at optimal pH.
Lysosomal Localization of Soluble and Bound Forms of Acid Phosphatase
Differential centrifugation. Differential centrifugation distribution patterns (Scheme 2 ) for lysosomes, mitochondria, and microsomes were obtained using acid phosphatase, succinic dehydrogenase, and glucose-6-phosphatase, respectively, as marker enzymes (FIGURE 4 ) . When calculated as percent of whole homogenate activity present in each fraction, 40 to 50% of the total acid phosphatase activity was recovered in the lysosomal fraction, with approximately 10% of the enzyme appearing in the soluble fraction. Sixty percent of the succinic dehydrogenase activity was recovered in the mitochondria1 fraction; 6 0 % of the glucose-6-phosphatase activity, in the microsomal fraction.
The distribution pattern for bound acid phosphatase alone (FIGURE 5, bottom), was obtained by subjecting differential centrifugation fractions (Scheme 2), made 582 Annals New York Academy of Sciences 5 % in TX-100, to electrophoresis in acrylamide gels. The electrophoretic forms of acid phosphatase present in these fractions are shown in FIGURE 5 (top) . No activity was detectable in the soluble fraction. Distribution of the bound enzyme was established by measuring the optical density of the slow-rnigrating band in the gels. A comparison of the bound enzyme pattern with that of the lysosomal and microsomal patterns of FIGURE 4 shows that the distribution of the bound enzyme follows that of the lysosornal population and not that of the microsomal one. It was noted, however, that while the major portion of bound enzyme appeared to reside in the lysosomal fraction, the enzyme did not follow exactly the lysosoma1 pattern obtained by differential centrifugation alone. A larger-than-expected amount of the bound form appeared to be associated with the microsornal fraction. Percent of total activity found in each fraction after differential centrifugation, and for bound enzyme after electrophoresis, is shown in TABLE 1. Fourteen percent of the total acid phosphatase activity after differential centrifugation was attributed to the microsomal fraction, with 48% of the activity in the lysosomal fraction. However, 24% of the total bound enzyme activity was present in the microsomal fraction, with 41 % localized in the lysosomal fraction. Density gradient Centrifugation. Density equilibrium centrifugation further established the lysosomal localization of both electrophoretic farms of acid phosphatase, and indicated a proportionately greater association of bound enzyme with ''light'' material. FIGURE 6 illustrates the distinctly different distribution patterns for total acid phosphatase and for glucose-6-phosphatase when homogenates from which the nuclei had been removed were subjected to centrifugation. Median particle density for the lysosomal population was 1.200; for the microsomal population, 1.166. Distribution patterns for soluble and bound enzymes alone were obtained after electrophoresis of gradient fractions and subsequent photometric assay (FIGURE 7). Both enzyme forms clearly followed the lysosomal distribution as compared to the microsomal one. Proportionately larger Optical density of the slow-migrating component was measured by scanning gels with a modification of a Beckman D U spectrophotometer (Johnson & Starkweather, 1962) . amounts of the bound form in less dense regions of the gradient, however, suggested that a larger proportion of this form is associated with light components. That these components are lysosomal and not microsomal, is suggested by the close similarity of the bound enzyme pattern to that of the total lysosomal one, and its dissimilarity to the microsomal pattern.
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A further distinction between the lysosomal and microsomal populations was established using velocity density gradient centrifugation in sucrose-water gradients. When homogenates were layered on these gradients, aggregation of particulate material occurred, with subsequent pelleting during centrifugation. This problem was circumvented by making gradients and homogenates 1.0 M in KCl prior to centrifugation. When gradients were centrifuged for 20 minutes at 4,000, 8,000, and 16,000 X g, two distinct distribution patterns were obtained for acid phosphatase and glucose-6-phosphatase (FIGURE 8). Acid phosphatase-associated particles were observed to move further into the gradient with increasing gravitational forces. At 4,000 X g., the median position occupied by the lysosomal population was at a distance of 6.64 cm from the axis of rotation. At 8,000 X g, the position was 7.15 cm from the axis; at 16,000 X g 8.18 cm from the axis of rotation. At 16,000 X g, some lysosomes pelleted in the 2.0 M sucrose cushion. Microsomes, on the other hand, remained at the top of the gradient under the same gravitational forces. At 4,000 X g, 8,000 X g, and 16,000 X g, the median position of the microsomal population was, respectively, 6.42, 6.62 and 6.64 cm from the axis of rotation. Thus, the distinction between the position of the lysosomal and microsomal populations was maintained to the extent that little overlap between the populations was found.
A determination of altered acid phosphatase distribution due to release of soluble enzyme in gradients containing 1.0 M KCI was made by pelleting all particulate material present in a lysosomal preparation made 1.0 M with KC1 (FIGURE 9). Centrifugation was at 124,000 X g for 10 minutes. Material in the top fraction was designated solubilized acid phosphatase (unshaded), and accounted for 10% of the total acid phosphatase of the fraction. This value compared with that observed .for solubilization in 0.25 M sucrose without KCl. M o a n Fraction Donriry FIGURE 7. Distribution of (A) Soluble (fastmigrating band) and (B) Bound (slowmigrating band) acid phosphatase after density equilibrium centrifugation and electrophoresis in 10% acrylamide gels. Preparation was as in FIGURE 6. Gradient fractions were made 5 % with Triton X-100 prior to electrophoresis. Density of enzyme-produced dye deposited was determined by photometric scanning. Gels were incubated in sodium a-naphthyl acid phosphate:Diazo Garnet GBC reaction mixture for 4 minutes at 25" C.
Distribution of Acid phosphatase in Regenerating Liver
Differential centrifugation. The suggestion from previous data that a higher proportion of the membrane-associated form of acid phosphatase is associated with slowly sedimenting lysosomes rather than with nonlysosomal material was further investigated using regenerating liver as experimental tissue. Tissue was examined at 24, 48, and 72 hours after partial hepatectomy. Liver removed at the time of the operation was used as control tissue. When such tissues were subjected to differential centrifugation according to Scheme 2, an altered distribution of acid phosphatase in regenerated liver as compared to control tissue was noted. This was manifested as an apparent increased proportion of the enzyme in the microsomal fraction (FIGURE 10). The portion of acid phosphatase activity recovered in the microsomal fraction increased from 16% in control tissue to 36% in 24 and 48-hour experimental tissue. At 72 hours after partial hepatectomy, fraction distributions again approached control levels. Liver tissue from animals partially hepatectomized 48 hours prior to sacrifice was chosen for further work.
Glucose-6-phosphatase assays were carried out to determine if alteration in the distribution of microsomal material had occurred in regenerating liver. Results of such analyses showed no differences in the distribution of rnicrosomes between regenerating and control tissue (FIGURE 11). In both control and experimental tissue, 50% of the glucose-6-phosphatase activity was recovered in the microsomal fraction, and approximately 20% in the lysosomal fraction.
These results suggested that the distributional shift of acid phosphatase in experimental animals was probably not related to an association of the enzyme with the endoplasmic reticulum, but to an altered character of the lysosomal population.
Velocity density gradient studies. To confirm an altered character of the lysosomal population, typified by more slowly sedimenting acid phosphataseassociated particles in regenerating liver, velocity density gradient analysis was undertaken. At 4,000 X g, a difference between the distribution profiles of particles in control and regenerated tissue was noted (FIGURE 12, A ) . Regenerating liver contained a greater proportion of slowly sedimenting lysosomes than did control liver. Sucrose M o l a r i t y 
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Sucroro Molarity FIGURE 9. Separation of particulate and soluble acid phosphatase after velocity density gradient centrifugation at 124,000 x g for 10 minutes. A lysosomal fraction was obtained from a 20% homogenate by differential centrifugation Scheme 2. The fraction was made 4%, 0.2 M with respect to sucrose, and 1.0 M with KCl prior to layering on gradients. Pelleted material was collected in a 2.0 M sucrose cushion. Acid phosphatase was assayed using sodium a-naphthyl acid phosphate as substrate.
ted tissue, the median distance was 6.48 cm from the axis. When gravitational forces were increased to 8,000 X g, the distributional differences were emphasized (FIGURE 12, B) . Under these conditions, particles associated with acid phosphatase from control tissue were distributed more generally throughout the gradient. In regenerated tissue, however, a larger proportion of the acid phosphatase associated with particles remained in the lower density portions of the gradient. The median position of the population in the control tissue was 7.15 cm from the axis of rotation, while in regenerated tissue, the median position of the population was 6.68 cm from the axis. When control and experimental tissue was subjected to centrifugation at 124,000 X g for 20 minutes to determine enzyme solubilization, particulate material from both experimental and control tissue pelleted (FIGURE 12, C). Solubilization in both tissues was comparable in all experiments, and ranged from 7 to 20% of the total acid phosphatase activity.
Concomitant acid phosphatase and glucose-6-phosphatase assays were carried out on regenerated liver after centrifugation for 20 minutes at 4,000, 8,000 and 16,000 x g (FIGURE 13). Such experiments confirmed a difference in the distribution patterns between the lysosomal and microsomal populations as defined Sloat & Allen : Lysosomal Acid Phosphatase by the marker enzymes. Similar differences were demonstrated for control tissue (FIGURE 10). Regenerated liver showed a movement of acid phosphatase-associated particles with increasing gravitational forces from 6.48 to 6.68 to 7.94 cm from the axis of rotation. Microsomes, indexed by their glucose-6-phosphatase activity, remained in the light region of the gradient and were sedimented less rapidly at the gravitational forces described (6.20 to 6.39 to 6.64 cm from the axis of rotation). These determinations suggested that the acid phosphatase associated with slowly sedimenting material, a larger proportion of which appeared to be present in regenerating tissue, was not associated with membranes of the endoplasmic reticulum. Rather, they suggest that a shift in distribution due to increased numbers of lighter and hence more slowly sedimenting lysosomes occurred in regenerating liver. The median distance from the axis of rotation for the lysosomal and microsomal populations of experimental and control tissues is summarized in TABLE 2.
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Ratio of Soluble t o Bound Acid Phosphatase in Control and Regenerating Tissue
Supernatant-sediment analysis. Lysosomal and microsomal fractions derived from control and regenerated liver 48 hours after partial hepatectomy were Sucrose M o l a r i t y FIGURE 13. Distribution of acid phosphatase and glucose-6-phosphatase in liver 48 hours after partial hepatectomy following velocity density gradiegt centrifugation at (A) 4,000 x g for 20 minutes, (B) 8,000 x g for 20 minutes and (C) 16,000 X g for 20 minutes. Nuclei were removed as in FIGURE 8. Homogenates were made 4%, 0.2 M with respect to sucrose, and 1.0 M with KCl. Gradients contained 1.0 M KCl. Acid phosphatase was assayed using sodium a-naphthyl acid phosphate as substrate. For the gradient illustrated, the median position occupied by acid phosphatase after centrifugation at 4,000, 8,000 and 16,000 X g for 20 minutes was at a distance of 6.40, 6.62 and 7.94 cm from the axis of rotation, respectively. Glucose-6-phosphatase under the same conditions was at a median distance of 6.20, 6.39 and 6.64 cm, respectively, from the axis of rotation. blended and centrifuged to yield a supernatant containing the soluble enzyme and a sediment containing the membrane-associated form. When the two preparations were made 5% with Triton X-100 and assayed for acid phosphatase activity using sodium e-naphthyl acid phosphate as substrate, differences in the amount of acid phosphatase present in the supernatant and sediment portions of the fractions were found. Results were calculated as percent of the whole blended fraction recovered in the supernatant or sediment (TABLE 3) . Analysis of microsomal fractions from control and regeneration tissue showed a higher proportion of bound enzyme in these fractions than in the lysosomal fraction from control tissue. However, the lysosomal fraction from regenerated tissue displayed a higher proportion of bound enzyme than did the control preparation for this Ten-percent fractions were made 5% with Triton X-100 and mixed with sample gel (1:l). Two hundred pl of this mixture were layered onto polymerized lower gels. Electrophoresis was carried out for 90 minutes at 4" C. Incubation at 25" C in sodium a-naphthyl acid phosphateDiazo Garnet GBC reaction mixture followed for 5: minutes. Optical density was measured by scanning gels as for FIGURE 5. Activity is expressed as the ratio of bound to soluble enzyme activity based on optical density of the dye deposit formed per unit time.
fraction. Assuming, from previous data, that the acid phosphatase in both fractions is largely lysosomal, it appeared that slowly sedimenting lysosomes (microsomal fraction) showed a higher proportion of the membrane-associated form, and that the larger percentage of this form in the lysosomal fraction of regenerated liver was associated with new and more slowly sedimenting lysosomes in this fraction. Analysis of tissue from animals sacrificed 7 2 hours after partial hepatectomy gave similar results. At 24 hours after partial hepatectomy, an increase in the proportion of the membrane-associated enzyme in the microsomal fraction was noted, with no change in proportion apparent in the lysosomal fraction. Electrophoresis. The above observations were extended using acrylamide electrophoresis of lysosomal and microsomal fractions. FIGURE 14 shows the relative proportions of bound to soluble enzyme in control and experimental tissue 48-hours after partial hepatectomy, as determined by densitornetric measurement. A higher proportion of membrane-associated enzyme in the microsomal fraction was noted when compared to control tissue. After tissue regeneration for 48 hours, the proportion of membrane-associated to soluble enzyme in the lysosomal fraction increased from 1.5 to 3.3; in the microsomal fraction the change was from 3.0 in control to 3.7 in experimental tissue. Electrophoretic analysis of tissue obtained 24 hours after partial hepatectomy showed an increase in the proportion of the bound to soluble acid phosphatase in the lysosomal fraction from 1.5 in control tissue to 3.0 in experimental tissue. An increase from 3.0 to 4.5 was noted for the rnicrosomal fraction. At 72 hours after partial hepatectomy, the proportion of bound to soluble acid phosphatase in both lysosomal and microsomal fractions increased, but the effect was complicated by a decreased detection of the soluble electrophoretic band. The shift in proportion of bound to soluble enzyme between control and experimental tissue, derived 48 hours after partial hepatectomy, was readily apparent after visual examination of gels (FIGURE 15). Control lysosomal fractions showed the typical qualitative pattern, with slow-and fast-migrating components evident. Little of either band was evident in the microsomal fraction. Lysosomal fractions from regenerated liver showed a decrease in activity for both bands, with an increased proportion of the bound form. An increase in the activity of the bound form was evident in the microsornal fraction of this tissue.
DISCUSSION
The multiple nature of rat liver acid phosphatases has been recognized for many years. Roche, in 1950 , distinguished multiple forms of the enzyme on the basis of pH data and response to Mg++ ions. Goodlad and Mills (1956; reported evidence for the existence of two or more forms of acid phosphatase in unfractionated rat liver, the forms exhibiting differential responses to Mgt ions, acetate and veronal buffers, and possessing different pH optima. Further, they exhibited different mobilities after electrophoresis in a Tiselius apparatus. No intracellular localization was established. Barka in 1961 (Barka, 1961a effected the separation of acid phosphatases of rat liver on polyacrylamide gels. He demonstrated three bands of activity, but obtained no evidence for differential substrate specificities at acid pH. Chromatographically distinct acid phosphatases were separated by Moore and Angeletti (1961) and by Barka (1961b) from rat liver. Barka found four elution peaks of acid phosphatase activity, one of which was detectable only after treatment of homogenates with Triton X-100.
In this study, two electrophoretic forms of acid phosphatase were found in the lysosomal fraction. One of these was detectable only after Triton treatment. When * assayed quantitatively, physical disruption of the fraction resulted in the release of only 60% of the total acid phosphatase activity of the fraction into the supernatant phase (soluble enzyme). After electrophoresis, this preparation displayed one rapidly migrating electrophoretic form. The remaining activity was associated with the fraction sediment, was released into the supernatant and rendered electrophoretically mobile only after treatment with Triton X-1 00. After electrophoresis, this activity was detected as a single, slowly migrating band. These results are in agreement with those of Allen and Gockerman (1964) , who effected the electrophoretic separation of two forms of acid phosphatase from the mitochondrial-lysosomal fraction of rat liver after Triton treatment, and with the earlier finding of a Triton-releasable, distinct acid phosphatase in rat liver homogenates (Barka, 1961b) . That electrophoretically distinct acid phosphatases exist in the mitochondriallysosomal fraction was further confirmed in this study using small-scale preparative electrophoresis in acrylamide gels. Two elution peaks representing physically solubilized and Triton-released enzymes, respectively, were detected. The integrity of the forms was confirmed in mixing experiments, and no evidence of interconversion between them was found.
The slower mobility of the bound form in acrylamide gels does not appear to be due to an association of the enzyme with membraneous components. When soluble and Triton-released forms were subjected to sedimentation analysis in density gradients, no differences in sedimentation properties were noted between them. Had the bound form been associated with membrane material under these conditions, differences in sedimentation behavior would have been expected.
The biochemical properties of the bound and soluble enzymes are similar. N o differences between the forms were noted in response to sodium fluoride and sodium tartrate, as were reported for the multiple forms of rat liver acid phosphatase by Shibko and Tappel (1963) and Nelson (1966) , and for minea pig liver acid phosphatases by Neil and Horner ( 1964) . The latter investigators also reported differential responses of lysosomal and soluble acid phosphatases to alloxan and formaldehyde. Differential responses to these inhibitors were not found for the enzymes reported here.
No differences in pH optima between the soluble and bound forms of the enzyme were detected. However, the nature of the pH optima curves varied somewhat among substrates. This behavior is consistent with earlier reports, and may form the basis for the reported multiple forms of rat liver acid phosphatase of other workers (Roche, 1950; Goodlad & Mills, 1956; Nelson, 1966) .
In 1966, Nelson implied the existence of both a heat-stable and a heat-labile form of acid phosphatase in rat liver lysosomal fractions. His report is consistent with the finding of this study that membrane-bound acid phosphatase, associated with the lysosomal fraction, is heat stable at 50' C, while physically solubilized acid phosphatase loses up to 60% of its activity under such conditions. Differences in heat stability have also been detected for the acid phosphatases of plants (Williams & Staples, 1964; Ikawa ef al., 1964; Staples ef al., 1965; Blum, 1965) . It is unlikely that the heat stability of the bound form is conferred by an association of the enzyme with membranous components. Identical results were obtained whether or not the bound enzyme was heated while associated with the lysosomal sediment or after it was solubilized by Triton treatment. This difference in heat stability, coupled with the integrity exhibited by the electrophoretic forms after mixing experiments, suggests that the electrophoretic species are distinct enzymatic entities and are not artifacts of preparation or technique.
Quantitative studies of the distribution of acid phosphatase after differential centrifugation showed, as expected, a localization of the enzyme distinct from that of mitochondria and microsomes. Likewise, in a variety of density gradient sedimentations, the distribution of particles containing acid phosphatase was distinctly different from that of particles containing glucose-6-phosphatase. However, it was noted that an increased amount of acid phosphatase was associated with the microsomal fraction after differential centrifugation of liver homogenates from animals partially hepatectomized for 48 hours. Liver is a tissue in which synthesis of acid phosphatase (Walakinshaw & Van Lancker, 1964) and acid phosphatase-associated particles ( Bernhard & Rouiller, 1956) occurs. However, this tissue did show a distribution of glucose-6-phosphatase identical to that found in control preparations. The identity of sedimentation behavior of particles containing glucose-6-phosphatase in both control and experimental tissues suggests that the increase in acid phosphatase in the microsomal fraction may not be due to an association between acid phosphatase and microsomes, but rather may represent an association of the enzyme with the newly developed, small, less dense lysosomes presumably present in regenerating tissue.
This point was further examined utilizing velocity density gradient centrifugation. Again it was found that the distribution profiles and the rate of sedimentation of particles containing acid phosphatase and those containing glucosedphosphatase were distinctly different in both control and experimental tissues. In addition, these studies confirmed that a greater proportion of acid phosphatase is associated with more slowly sedimenting particles in homogenates derived from regenerated liver.
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Electrophoretic evidence confirmed the lysosomal localization of both forms of acid phosphatase by showing the major portion of each to be associated with the lysosomal fractions derived from both control and regenerated liver. It was found, however, that after electrophoresis of fractions obtained by differential centrifugation, the distribution of bound acid phosphatase differed from that of the soluble enzyme. A greater-than-expected proportion of the membrane-bound component was present in the microsomal fraction. This effect was particularly pronounced in preparations derived from regenerated liver. Comparison of the pattern of bound enzyme distribution with that of glucose-6-phosphatase, however, again suggested a lysosomal localization of the enzyme rather than an association with the endoplasmic reticulum, since, as noted above, the distribution of the latter enzyme was identical in control and experimental samples. Electrophoretic analysis of the distribution of the bound and soluble forms of acid phosphatase after density equilibrium centrifugation likewise suggested that both forms of the enzyme are associated with lysosomal rather than with microsoma1 material. This type of analysis again indicated that a proportionately greater amount of the bound enzyme was associated with particles occupying less dense regions of the gradients.
The above interpretation is based upon the assumption that acid phosphatase and glucose-6-phosphatase are valid markers reflecting the existence of two distinct subcellular populations. That the microsomal population reflects endoplasmic reticulum membranes vesiculated during fractionation procedures, was established by the biochemical and electron microscopic study of Palade and Siekevitz in 1956. Glucose-6-phosphatase is exclusively a microsomal enzyme (Swanson, 1955) and the one generally employed as marker enzyme for the population. In electron micrographic cytochemical studies, all sections of the endoplasmic reticulum are reported to contain the enzyme (Orrenhius & Ericsson, 1966) . Acid phosphatase, on the other hand, is the classical marker for lysosomes, with little or no reaction product found associated with the endoplasmic reticulum (Novikoff etal., 1964; Novikoff, 1961) .
The localization of some acid phosphatase in the endoplasmic reticulum has been suggested for rat and mouse liver by Fishman, et al. (1967) , and for rat liver, especially after regeneration, by Walkinshaw and Van Lancker ( 1964) . The presence of acid phosphatase, or any enzyme, in the endoplasmic reticulum is consistent with the fact that most enzyme synthesis occurs there, and a transient localization of enzymes in the endoplasmic reticulum is implicit in the theory of zymogen granule formation and storage established by Caro and Palade ( 1964) . Thus, while the lysosomal and microsomal populations are clearly distinct, at any one time both acid phosphatase and glucose-6-phosphatase may, in fact, be present simultaneously in particles where these populations overlap in sedimentation behavior, making total distinction between them impossible. In spite of this region of uncertainty, the above data suggest that the preponderance of bound acid phosphatase resides in the lysosomal population and not in the endoplasmic reticulum.
The prevalent theory of lysosome formation implicates the Golgi apparatus in the formation of primary lysosomes as Golgi vesicles . As suggested by the theory of zymogen granule formation (Caro & Palade, 1964) , acid hydrolases may travel through channels of the endoplasmic reticulum to the Golgi apparatus where they are subsequently packaged as vesicles. This theory is supported by the evidence of Bainton and Farquhar ( 1966) that granules of rabbit leukocytes are primary lysosomes (de Duve, 1963; Hirsch & Cohn, 1964) , and that they form from the Golgi apparatus. The existence of membranebound lysosomal acid phosphatase is not readily accounted for by this theory, however, since the transport form of the enzyme would be expected to be soluble or at least not part of the membrane components of the particle.
If, as seems likely on the basis of the data presented here, the bound acid phosphatase of lysosomes is associated with lysosomal membranes, they are likely to be derived from either the membrane of the Golgi vesicles or from the membranes of the endoplasmic reticulum. The existence of bound acid phosphatase in these cellular membranes is consistent with the theory that such membranes may be a mosaic of functionally different patches (Korn, 1966 ) that have been simultaneously assembled from their component lipids, structural proteins and enzymatic proteins (Dallner, ef al. 1966 ). Development of lysosomes directly from membranes of the endoplasmic reticulum has been suggested for protozoa (Elliott, 1965) , rat kidney (Ericsson, 1964) and rat liver (Novikoff & Shin, 1964 Whether small lysosomes containing more membrane-bound enzyme represent a developmental sequence from primary lysosomes to older, secondary particles cannot be unequivocally answered, although data derived from regenerating tissue support the suggestion. Deter and de Duve (1967) indicated such a possibility in their report of the existence of a population of small dense bodies after glucagon treatment and their implication of an enlargement of the particles with the development of autophagic vacuoles. Such a sequence also seems consistent with the general evolutionary sequence suggested by de Duve and Wattiaux (1966), in which lysosomes in early cells were represented by vacuolar sections of the endoplasmic reticulum, which contained hydrolases.
The nature of the binding of acid phosphatase to the lysosomal membrane is unknown. That it is very firm is indicated by the failure of strenuous physical treatment to remove it. Extraction with acetone and carbon tetrachloride effected no solubilization of the component (Allen & Gockerman, 1964) . It was, however, readily extracted by them with digitonin, Triton X-100, and to some extent with butanol, treatments which disperse lipoprotein complexes (Morton, 1955) . That such complexes may occur at the lysosomal membrane or within the particles, has been suggested by Koenig (1962) . According to his theory, release may involve cleavage of glycoprotein, enzyme bonds, making enzyme accessible to substrate. Sawant et a/. (1964a) implicated electron binding as a factor in the attachment of acid phosphatase, P-glucuronidase, cathepsin and aryl sulfatase to lysosomal membranes. Bound acid phosphatase has been reported by Shibko and Tappel (1963) and Sawant et al. (1964b) . These workers reported that 30% or more of the acid phosphatase remains in the sedimentable phase after physical treatments. Shibko and Tappel ( 1963) found a membrane-bound esterase; Ugazio and Pani (1963) , aryl sulfatase a; Beck and Tappel (1968) , P-glucosidase; and Weissman et al. ( 1967), P-acetylglyucosaminidase, all in rat lysosome fractions. In terms of lysosomal function, such enzymes may be implicated in a postulated two-stage release of hydrolases (Shibko ef al., 1964; Beck & Tappel, 1968) , in one step of which enzyme becomes accessible to substrate, but remains sedimentable, and in the next step becoming soluble and unsedimentable. The mechanism of 598 Annals New York Academy of Sciences release of bound acid phosphatase from membranes to an actively hydrolytic role as a soluble enzyme is open to question.
SUMMARY
Two varieties of acid phosphatase associated with lysosomal fractions derived from rat liver have been identified after electrophoresis in acrylamide gels. One form is a rapidly migrating enzyme released after physical disruption of lysosomal fractions. The other form is electrophoretically mobile only after treatment of lysosomal fractions with 5 % Triton X-100. This enzyme appears to be associated with lysosomal membranes and accounts for approximately 40% of the total acid phosphatase of the lysosomal fraction.
The membrane-associated and soluble forms identified electrophoretically have been individually isolated by a preparative electrophoretic technique. The integrity of these forms is maintained when they are subjected to reelectrophoresis singly or as mixtures. The soluble enzyme and Triton-solublized bound enzyme show identical activity profiles when subjected to density equilibrium centrifugation in sucrose : water gradients, suggesting that the bound form is no longer associated with membraneous components. Biochemical assays of fractions derived by differential and density gradient centrifugation combined with photometric assay after electrophoresis indicated that both soluble and membrane-bound forms are associated with the lysosomal population.
Lysosomal fractions, disrupted by blending, were centrifuged to yield a supernatant fraction containing the soluble enzymes and a sediment containing the membrane-associated form. Biochemical studies of these preparations indicated that the membrane-associated acid phosphatase is heat stable (50' C for 80 minutes) in contrast to the soluble enzyme, which lost 70% of its activity under these conditions. Bound and soluble enzymes possess a similar pH optimum and respond to inhibition by L-tartrate, fluoride, alloxan and formaldehyde in the same manner.
Studies of regenerating and control liver were undertaken at 24, 48 and 72 hours after partial hepatectomy. A distributional shift of acid phosphatase toward an association with lighter particles was noted after differential and density gradient centrifugation. Such a shift appears to be related to a change in the characteristics of the lysosomal population rather than to any association with the elements of the endoplasmic reticulum. Biochemical and electrophoretic data indicated that lysosomal fractions derived from regenerating liver contain a larger proportion of bound to soluble enzyme than fractions from control animals. Such data suggest that a proportionately larger amount of bound enzyme may be associated with a more slowly sedimenting and presumably smaller population of lysosomes.
